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The possibility  that  sensitization  to heat  occurs following x-radiation  has 
apparently not been reported.  By sensitization to heat is meant a  change in- 
duced by the radiation such that the cell is killed by a  sublethal exposure to 
heat.  When the heating precedes the exposure to radiation the ceils are not 
killed  by equivalent  dosages.  Since  it  has  considerable  theoretical  interest 
as well as likely practical value, experiments were performed to test the pos- 
sibility;  the  results  were  positive. 
As experimental  material P~araeciura ca.udatu~n was used and the cultures were 
handled  in the  same  manner  as  previously described  (Giese  and  Crossman,  1945, 
1946).  The x-ray equipment used was designed by Dr. Harry Clark for the specific 
purpose  of  delivering  high  intensities  of  soft  radiations;  the  apparatus  has  been 
described before (Taylor, Thomas, and Brown, 1933; Brown, 1933).  In the present 
study it was run at 20,000  volts and 30 milliamperes  and a  silver target was used. 
The radiations were filtered through a 0.05 mm. thick aluminum window which com- 
pletely absorbs the visible as well as the heat rays which are conducted to the water- 
cooled parts of the tube.  The target and filament were rotated 45  ° for measurement 
of the dosage rate with an ionization chamber and a determination was made before 
or after each day's series  of experiments.  The dosage rate is of the order of 56,000 
roentgens per minute.  The average wave length is about 1/~.  The exposure  cell 
was a celluloid container about 30 rnrn. in diameter and 4 ram. high.  A  drop of the 
culture of approximately the same size each time was placed in the center of the dish 
at the point of focus of the radiations. 
The dosage of the radiations as given in the test must be corrected by a factor for 
their absorption by the medium.  Thus Brown has calculated that 0.1 inch of water 
will  remove 65 per cent of the soft radiations  delivered by the tube.  A  protozoan 
at  the bottom of a drop might receive only ½  of the radiation of one at the top (the 
x-rays being delivered from the top).  During the course of exposure the paramecia 
swim throughout the drop, and except in dosages running over 400,000  r  they are 
not markedly slowed; they come to rest at the bottom of the drop only after very 
large dosages.  1  In most cases the dosage at about the middle of the drop is probably 
* This work was supported in part by funds provided by The Rockefeller Founda- 
tion.  We are indebted to Mr. Howard Kelly for assistance in operating the x-ray 
equipment in the first half of the investigation. 
1 After dosages of 280,000  to 410,000  r the paramecia are especially sticky so that 
it is difficult to handle them.  In 15 to 30 minutes after irradiation they tend to stick 
• to  one  another  to  form dumps which become  rather  inactive.  Later  they  again 
redisperse. 
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an average dosage.  This would be of the order of one-half of the incident dosage, but 
since it cannot be calculated  with certainty it seemed better to give all the data as 
incident dosage.  It must be borne in mind that the correction for very large dosages 
is greater than for the small and intermediate dosages. 
EXPE~NTAL 
Before proceeding with  the experiments on the sensitization to heat, para- 
mecia were first exposed to x-rays to determine the lethal dosage with the par- 
ticular radiations and stock to serve as a basis of comparison.  The lethal dos- 
age was found to depend upon the age of the culture used in the experiment. 
Thus paramecia in the logarithmic phase of a  culture (first 2 days) are much 
more sensitive and variable than  those in the stationary phase  (4th to  7th 
day), therefore most of the data were gathered for the latter phase.  During 
the stationary phase  the paramecia are relatively free of food vacuoles and 
rarely divide.  After a dosage of 1,200,000  r delivered in 20 minutes the para- 
mecia were already dead and the majority had cytolyzed; the remainder cyto- 
lized soon afterwards.  Given a dosage of 840,000  r  they were still alive but 
died within 15 minutes after irradiation.  After a dosage of 560,000 r they were 
alive but within 25 minutes about 10 per cent had died, in 50 minutes 80 per 
cent, and after 75 minutes all were dead and most had cytolyzed.  After a dos- 
age of 420,000 r they survived but did not divide for a long time.  In contrast 
to this, paramecia taken from cultures in the 2nd day after inoculation (logarith- 
mic phase) were killed by a  dosage of as little as 140,000  r. 
The above results are in agreement with the rule of Bergonie and Tribondeau 
(1906) which states that the sensitivity of cells is directly related to their activ- 
ity.  Since such active cells are not  only sensitive to x-rays but also to heat 
(Doudoroff, 1936) and killing with heat occurs too rapidly for effective measure- 
ment of sensitization, paramecia in the stationary phase of a culture were used 
in all of the subsequent experiments unless otherwise indicated. 
While these dosages may seem enormous, protozoa are notably resistant to 
x-rays (see Scott, 1937, for comparative studies).  Taylor, Thomas, and Brown 
(1933)  employing the same apparatus  as in our studies found that Eup/o~s 
died in 15 minutes after a dosage of 450,000 r.  Back and Halberstaedter (1945) 
found the lethal dosage for paramecium to be of the order of 700,000 r and Hal- 
berstaedter and Back  (1942)  found that between 300,000 and 600,000 r  was 
lethal  to Pc~r~dorina.  If the correction for absorption is made  to our data, 
the order of magnitude is similar to that found by other investigators. 
Taylor, Thomas, and Brown (1933) found that when sterile medium alone is 
irradiated and the protozoa are added to it, death may occur.  They conclude 
that death is due to development in the medium of toxic substances among the 
chief of which is probably hydrogen peroxide.  In fact the dosage required to 
make the medium lethally toxic was only slightly greater than the dosage re- 
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such as sheep's blood, gelatin, agar, and bacteria protected the protozoa against 
peroxide.  In the present experiments it was observed that 1,1300,000 r did not 
render the medium so toxic as to kill the introduced animals yet it was more 
than a lethal dose if applied directly.  It is likely that in the present experi- 
ments the paramecia are protected from such concentrations of peroxide as 
are produced, by the bacteria and the organic materials present in the lettuce 
infusion in which they are suspended.  On the other hand if the paramecia 
are removed from the medium in which they are irradiated and placed in fresh 
medium immediately after exposure, they are much less readily killed.  This 
is true whether pond water or lettuce infusion with bacteria is used; the latter is 
especially effective.  Thus 560,000 r never killed the paramecia from the sta- 
tionary phase and even 840,000 r killed only about one-half, 1,000,000  killed 
a majority, and 1,200,000 killed almost all.  In the latter case most of the pro- 
tozoans are dead when they are removed from the radiation chamber and may 
therefore have already been affected by the poisonous material in the medium. 
The paramecia which survive the huge dosages do not divide for several days 
even though living in the midst of the bacteria which serve as excellent food for 
the controls. 
Heat Sensitization 
If paramecia irradiated with a sublethal dosage of x-rays are subjected to a 
sublethal heat exposure they succumb.  Thus a  dosage of 140,000 r  does not 
injure paramecia noticeably, except to slightly retard division but if the animals 
so exposed are subjected to 1.5 minutes of heat at 42°C. they die.  If the experi- 
ment is carried out in reverse, that is the paramecia are heated for 1.5 minutes 
to 2 minutes and then irradiated with 140,000 r they do not die.  They become 
sluggish as do paramecia heated for the same length of time, but they remain 
alive and become more active again after the lapse of a few hours. 
The data for a  typical experimental series are plotted in Fig. 1.  Thus as 
shown in one of the experiments 56,000,  140,000, and 280,000 r will sensitize 
paramecia to heat of 42°C. to such an extent that they will die within 3, 1.5, 
and 0.5 minutes, respectively, whereas the control requires about 6 minutes' 
exposure under the same conditions.  It is apparent that the phenomenon is 
similar to that already described for ultraviolet light and for photodynamic 
action (Giese and Crossman, 1945, 1946). 
Cells from the logarithmic phase of a culture are even more sensitive to heat 
than those from the stationary phase as already stated.  It would be interest- 
ing to know whether such paramecia can be sensitized.  Even though accurate 
measurements cannot be made with such animals owing to their rapid death 
following x-raying or heating alone, it was possible to demonstrate that they are 
sensitized as shown  2 in the data of Fig. 1. 
It is probable  that logarithmic phase animals are sensitized to even lower tem- 
peratures than those from the stationary phase.  Such experiments were not tried. 252  SENSITIZATION  TO  HEAT  BY  X-]~.AYS 
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FIG. I.  Sensitization to heat by x-rays.  The exposure in roentgens has to be cor- 
rected for the absorption by the medium as explained in the text.  The stationary 
phase cultures are of different ages, the lowest being a 5 day, the upper two 7 day cul- 
tures.  Why the top culture behaved as it did is not understood, but the results are 
rather variable. 
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FiG. 2.  Recovery from  heat~sensitization,  incident dosage  280,000  r. 
from the stationary phase of a culture used. 
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Recovery  from X-Ray Effects 
To determine the rate of recovery of paramecia from sensitization to heat, 
cultures were irradiated and samples were withdrawn periodically and tested. 
As shown in Fig. 2 there is no recovery if the paramecia are starved.  When 
they are fed minimally--jnst enough to give a small percentage of divisions-- 
they recover.  It is difficult to add the exact amount of food which just allows 
recovery yet does not bring the animals into the logarithmic state in which a 
far greater sensitivity to heat is observed.  But the results consistently demon- 
strated that recovery can occur and that it requires several days.  If food is 
also withheld from the control the resistance slowly falls (Fig. 2). 
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FIG. 3.  Effect of x-rays on division.  Dosages have to be corrected by the absorp. 
tion factor as explained  in the text; real dosage about haft or less tha~ indic&ted- 
Experimental animals from the station~ry phase of a culture. 
If completely adequate food is supplied the paramecia divide as shown in 
Fig. 3.  It is observed that a dosage of 56,000 r  in no way alters the division 
for not only is there no observable lag but also there is no change in rate of 
division.  After 137,000  r  there is a pronounced lag; after 280,000 r this is in- 
creased and becomes quite marked after 560,000 r.  But even with this very 
large dosage the rate of division, once division starts, is not altered since the 
slope of the curves is about the same in all these cases.  But after a dosage of 
840,000 r not only is there a prolonged lag but also a change in the rate of divi- 
sion.  s 
s The medium can be rendered toxic to paramecia so that division is retarded but 
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Paramecia  transferred  to culture medium  containing  an  adequate supply 
of bacteria ordinarily become filled with food vacuoles, but irradiated  para- 
mecia may or may not take up bacteria, especially after large dosages of radia- 
tions.  In such cases they may remain thin and free of food vacuoles for several 
days.  It may be that in some way the x-ray injury prevents ingestion without 
which recovery and division cannot occur. 
DISCUSSION 
The experiments on sensitization to heat demonstrate that even a small dos- 
age of x-rays which has neither visible nor division-retarding effects upon para- 
mecia affects the protoplasm.  In some way the resistance to heat is dimin- 
ished.  Nor is this effect a  slight or temporary one for the recovery is quite 
slow.  This has several implications, theoretical and practical, some of which 
will be considered below. 
The slow recovery observed in our experiments contrasts with the results of 
Henshaw  (1936)  on  unfertilized sea  urchin  eggs.  Henshaw  found  that  re- 
covery was a matter of a few hours and from the graph relating it to the time 
elapsed, he concluded that it was due to the removal of some toxic material 
from the egg by diffusion outwards.  He found that fertilization "fixed" the 
deleterious effects of the radiation so that recovery no longer occurred or did 
so very slowly.  It is possible that certain processes which are going on in para- 
mecium and which are affected by the radiations are not yet in full swing in the 
unfertilized egg and that when the activity metabolism (Fisher, Henry, and 
Low,  194!-) is aroused by fertilization, catalysts needed for the processes so 
initiated may be poisoned by the toxic materials produced by the irradiation 
and so the rate of the reactions falls.  Fisher, Henry, and Low have shown the 
activity metabolism to be susceptible to a number of respiratory poisons and 
furthermore have shown that the rate of division can be reduced and division 
entirely suppressed by critical concentrations of these poisons.  Thus the con- 
ditions in the fertilized egg may correspond to those in paramecium and the 
difference is more apparent than real. 
On the other hand perhaps a direct comparison between paramecia and eggs 
is impossible because of their different orders of sensitivity.  Thus eggs of the 
West coast sea urchin, Strongylocentrotus purpuratus, were irradiated with the 
same apparatus as that used in the studies on paramecia and a dosage of only 
6000 r strongly retarded division while a dosage of 14,000 r rendered the divi- 
sion completely abnormal.  Such dosages are without effect upon paramecia 
toxicity negligible.  Therefore, in the experiments cited in which the paramecia were 
removed to fresh medium immediately upon completion  of the exposure this factor 
should not operate.  In no case were monsters of any of the types described by Mot- 
tram (1942) seen. A.  C.  GIESE  AND  H.  D.  HEATH  255 
and Packard (1933) has shown that successive dosages of 50,000 r could be given 
to paramecia within several hours without cumulative effects. 
Two theories of the mechanism of action of ionizing  radiations are current: 
(1) direct action of the particles or photons on the molecules (target theory) 
and (2) indirect action: radiations affecting the large molecules by activating 
water producing hydroxyl radicals, atomic hydrogen and hydrogen peroxide. 
The cytogenetic data support the target theory (see Lea, 1947) whereas most 
chemical effects of these radiations  seem best explained  by indirect  action 
(Weiss, 1945; Barron, I)icl~man, and Singer, 1947) especially the work reported 
in the latter paper in which inactivation of sulfhydryl enzymes by ionizing 
radiations is shown to be reversed by addition of reducing compounds such as 
glutathione. 
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FIO. 4. Increase  with dosage m delay  of third ~v~sion  after raying.  Note  that the 
curve is practically a straight line. 
Frequently recovery from physiological effects of ionizing radiations is rapid. 
In fact Lea (1947) interprets the convex curve obtained on plotting the dosage 
against the retardation in division of cells in tissue culture as an indication that 
recovery has  occurred,  otherwise a  simple linear  relationship  might  be ex- 
pected.  The present data, however, show that the lag in division of paramecia 
is proportional to dosage and  the curve is practically linear  (Fig.  4).  This 
means that no recovery has occurred during this interval of time.  The data 
suggest that  the change in the molecules  produced by the radiations is irre- 
versible and recovery occurs slowly.  Recovery probably requires the gradual 
replacement of the molecules  altered.  But even much smaller dosages than 
those which affect cell division markedly, none the less sensitize  the cell to 256  SENSITIZATION TO HEAT  BY X-I~AYS 
heat and recovery from this sensitization is also slow.  The fact that the cell 
recovers from heat sensitization only when it is supplied with food supports 
the conception of repair by replacement.  It is interesting in this connection to 
note that animals in the logarithmic phase of a  culture which are filled with 
food vacuoles show some recovery without being fed.  The interpretation of 
radiation action by direct effects on the protein molecules also fits the data of 
heat sensitization as some sort of breakage or injury by x-rays of some bonds 
in protein molecules.  If the animals are kept at room temperature the mole- 
cules so affected might continue to operate until replacement occurs.  On the 
other hand at higher temperatures the molecules may break or the parts may 
become disoriented, leading to a loss of  catalytic functions and death. 
The possibility of practical application of the results on heat sensitization 
should  not  be  overlooked even if  the  theoretical explanation is  not  clear. 
The effects of heat,  diathermy, or short wave therapy applied concurrently, 
preceding, or subsequent to treatment with  x-rays  or radioactive  elements, 
have  been  considered by various  authors,  some  with  negative,  some  with 
positive results (see Suginra, 1941, for references to these papers).  In the most 
recent work Sugiura takes advantage of the trials and difficulties of the earlier 
workers, and finds that x-rays sensitize tumor tissue to short wave radiation. 
Thus he showed that subsequent to a dosage of 500 r a regression of tumors of 
only 3 per cent occurred whereas among mice which in addition to x-raying 
were given a fever of 42°C. by short waves, 20 per cent of the tumors regressed; 
with 750 r the corresponding values were 15 per cent and 45 per cent.  Although 
it is not entirely agreed upon by investigators using short waves that such radio 
waves act on cells only by virtue of their heating effects, it is probable that their 
main effect is just this (Kahler, Chalkley, and Voegtlin, 1929).  The present 
experiments on paramecia therefore may possibly serve as a basis of explanation 
of Sugiura's findings.  X-rays presumably sensitize the tumor cells to the heat 
developed by the radio waves.  Since recovery from such sensitization requires 
several days, the repeated exposures to short waves are useful.  The problem 
is certainly an interesting one for further investigation.  If sensitization of tis- 
sues  to heat  occurs following x-raying, this method of attacking  malignant 
growths may prove of value.  In the present experiments it was demonstrated 
that active cells such as those from the logarithmic phase are not only more 
sensitive to x-rays than the less active cells from the stationary phase,  but 
they are also more sensitive to heat.  A  differential sensitivity therefore exists 
between active and inactive cells.  In malignant growths it may prove possible 
to selectively affect the actively dividing cells by raying and heat. 
SUMMARY 
I. Paramecium caudatura is sensitized to heat by sublethal dosages of x-rays. 
Thus if paramecia are irradiated, then exposed to a sublethal dosage of heat A.  C.  GIESE  AND  H.  D.  HEATH  257 
they are killed, but if the same heat exposure precedes the same dosage of 
radiations, they are not. 
2.  Sensitivity to both heat and x-rays is much greater  in paramecia from 
the log growth phase than in those from the stationary phase of a  culture. 
3.  Recovery from heat sensitization in animals from the stationary phase of a 
culture is slow, requiring several days. 
4.  Division is readily retarded and even temporarily inhibited by sublethal 
dosage of x-rays.  Recovery of the division rate is fairly slow requiring several 
days. 
5.  Paramecia can be killed by a dosage of 1,200,000 r  (of which about one- 
half reach the animal) units of  x-radiation  alone.  Smaller  dosages  are not 
lethal if the paramecia are  transferred to fresh medium immediately upon 
completion  of  irradiation. 
6.  The possibility of utilization of heat sensitization in treatment of malig- 
nant growths is discussed. 
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